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APPARATUS AND METHOD OF RECEIVER
ARCHITECTURE AND LOW-COMPLEXITY
DECODER FOR LINE-CODED AND
AMPLITUDE-MODULATED SIGNAL

RELATED APPLICATIONS

This application claims priority to and the benefit of Pro-
visional Application No. 61/705,905 filed on Sep. 26,2012 in
the U.S. Patent and Trademark Office, the entire contents of
which are incorporated herein by reference.

BACKGROUND

1. Field

The described technology generally relates to an apparatus
and method of wireless communication and radio frequency
identification. More particularly, the technology relates to a
receiver design and optimization for wireless near field com-
munication.

2. Description of the Related Technology

The wireless communication environment in a home or an
office generally includes a number of independently devel-
oped radio access technologies and standards. These tech-
nologies were initially designed for target applications and
they perform relatively well for these applications. In a typi-
cal home or office environment, an access to content (e.g.,
web, video, etc.) is provided to a broadband modem through
the home-owner’s IP backhaul connection. For instance,
mobile services are provided through the cellular network,
through either a macro cell or a femto cell located within the
home or office. Wireless local area network (WLAN) access
points (APs) provide data connectivity between computers,
cell phones, laptops, printers, and other wireless stations
using 802.11-based Wi-Fi technology.

Another communication medium currently being imple-
mented in electronic equipment is near field communication
(NFC). The use of NFC interfaces in electronic equipment
provides portable devices with functions similar to those of
non-contact integrated circuit cards (e.g., radio frequency
identification (RFID) cards). In addition, electronic equip-
ment provided with NFC interfaces is typically capable of
operating as radio frequency (RF) readers and/or writers to
communicate with other NFC devices. A basic aspect of NFC
is an usage of electromagnetic waves in an RF range and a
transmission of information contents is realized over a short
distance only, for instance in a range of about several centi-
meters.

RFID technology is widely used in many areas such as
public traffic services, object tracking systems and home
management, and it is growing rapidly. It can handle the
information from tags. The RFID application technology is
currently integrated in one chip. 13.56 MHz RFID reader
specification is based on the standard including ISO 14443
type A, type B, ISO 15693 and ISO 18000-3 standards. In
NFC or an RFID application, a transmitter of a proximity
coupling device (PCD), also known as a reader, writer or
initiator, may use one of following three linear codes, fol-
lowed by an amplitude modulation: (1) a modified-Miller
code used for type A NFC, (2) a non-return-to-zero (NRZ)
code used in type B NFC, and (3) a Manchester code used in
type F NFC.

SUMMARY

Various implementations of systems, methods and devices
within the scope of the appended claims each have several
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aspects, no single one of which is solely responsible for the
desirable attributes described herein. Without limiting the
scope of the appended claims, some prominent features are
described herein.

One aspect is a receiver apparatus, including a receiver
interface configured to receive a signal from a transmitter and
output an input sequence of M-bit samples; a quantizer circuit
configured to convert the input sequence of M-bit samples
into an output sequence of N-bit samples, wherein M and N
are positive integer numbers, and wherein M is greater than
N; and a decoder circuit configured to decode the output
sequence of N-bit samples.

Another aspect is a method of processing a signal in a
receiver apparatus, including receiving a signal from a trans-
mitter and outputting an input sequence of M-bit samples;
converting the input sequence of M-bit samples into an output
sequence of N-bit samples, wherein M and N are positive
integer numbers, and wherein M is greater than N; and decod-
ing the output sequence of N-bit samples.

Another aspect is one or more processor-readable storage
devices having processor-readable code embodied on the pro-
cessor-readable storage devices, the processor-readable code
for programming one or more processors to perform a method
of processing a signal in a receiver apparatus, the method
including receiving a signal from a transmitter and outputting
an input sequence of M-bit samples; converting the input
sequence of M-bit samples into an output sequence of N-bit
samples, wherein M and N are positive integer numbers, and
wherein M is greater than N; and decoding the output
sequence of N-bit samples.

Another aspect is a receiver apparatus, including means for
receiving a signal from a transmitter and outputting an input
sequence of M-bit samples; means for converting the input
sequence of M-bit samples into an output sequence of N-bit
samples, wherein M and N are positive integer numbers, and
wherein M is greater than N; and means for decoding the
output sequence of N-bit samples.

Another aspect is a processing apparatus, including a
memory and a processor coupled to the memory, the proces-
sor configured to receive a signal from a transmitter and
output an input sequence of M-bit samples, convert the input
sequence of M-bit samples into an output sequence of N-bit
samples, and decode the output sequence of N-bit samples.
The M and N may be positive integer numbers, and M is
greater than N.

Details of one or more implementations of the subject
matter described in this specification are set forth in the
accompanying drawings and the description below. Other
features, aspects, and advantages become apparent from the
description, the drawings, and the claims. Note that the rela-
tive dimensions of the following figures may not be drawn to
scale.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an exemplary block diagram of an RFID
or NFC system.

FIG. 2 illustrates an exemplary schematic block diagram of
an RFID or NFC system including a transceiver and a remote
unit.

FIG. 3 illustrates an exemplary diagram of a modified-
Miller code pattern, an NRZ code pattern and a Manchester
code pattern.

FIG. 4 illustrates an exemplary receiver structure of an
NFC system according to one embodiment.

FIG. 5 illustrates an exemplary detailed structure of the
NFC system according to one embodiment.
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FIG. 6 illustrates examples of signal waveforms that are
being processed inside an NFC receiver.

FIG. 7 illustrates a block diagram of a modified-Miller
code decoder according to one embodiment.

FIG. 8 illustrates an exemplary data format of an input data
sequence where some coded samples are selected and the
remaining samples are skipped.

FIG. 9 illustrates a block diagram of a modified-Miller
code decoder according to another embodiment.

FIG. 10 illustrates a block diagram of an NRZ code
decoder according to one embodiment.

FIG. 11 illustrates a block diagram of an NRZ code
decoder according to another embodiment.

FIG. 12 illustrates a block diagram of a Manchester code
decoder according to one embodiment.

FIG. 13 illustrates a block diagram of a Manchester code
decoder according to another embodiment.

FIG. 14 illustrates a flowchart showing an exemplary
operation of the NFC receiver of FIG. 4.

FIG. 15 illustrates an exemplary structure of an NFC
receiver according to another embodiment.

The various features illustrated in the drawings may not be
drawn to scale. Accordingly, the dimensions of the various
features may be arbitrarily expanded or reduced for clarity. In
addition, some of the drawings may not depict all of the
components of a given system, method or device. Finally, like
reference numerals may be used to denote like features
throughout the specification and figures.

DETAILED DESCRIPTION

The detailed description set forth below in connection with
the appended drawings is intended as a description of exem-
plary implementations of the disclosure and is not intended to
represent the only implementations in which the disclosure
may be practiced. The term “exemplary” used throughout this
description means “serving as an example, instance, or illus-
tration,” and should not necessarily be construed as preferred
or advantageous over other exemplary implementations. The
detailed description includes specific details for the purpose
of providing a thorough understanding of the exemplary
implementations of the disclosure. In some instances, some
devices are shown in block diagram form.

While for purposes of simplicity of explanation, the meth-
odologies are shown and described as a series of acts, it is to
be understood and appreciated that the methodologies are not
limited by the order of acts, as some acts may, in accordance
with one or more aspects, occur in different orders and/or
concurrently with other acts from that shown and described
herein. For example, those skilled in the art will understand
and appreciate that a methodology could alternatively be
represented as a series of interrelated states or events, such as
in a state diagram. Moreover, not all illustrated acts may be
required to implement a methodology in accordance with one
or more aspects.

FIG. 1 illustrates an exemplary block diagram of an RFID
or NFC system 100. The RFID system 100 includes a plural-
ity of RFID tags 102A-102D, a plurality of RFID readers
104A-104C and an application server 110. The RFID tags
102A-102D may each be associated with a particular object
for avariety of purposes including, but not limited to, tracking
inventory, tracking status, location determination and assem-
bly progress. The RFID tags 102A-102D may be active
devices that include internal power sources or passive devices
that derive power from the RFID readers 104A-104C.
Although FIG. 1 shows only four RFID tags and three RFID
readers, the present disclosure is not limited thereto.
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Each RFID reader 104A-104C wirelessly communicates
data with one or more RFID tags 102A-102D within its cov-
erage area. For example, the RFID tags 102A and 102B may
be within a coverage area of the RFID reader 104 A, the RFID
tags 102B and 102C may be within a coverage area of the
RFID reader 104B, and the RFID tags 102C and 102D may be
within a coverage area of the RFID reader 104C. In one
embodiment, the RF communication mechanism between the
RFID readers 104A-104C and the RFID tags 102A-102Disa
backscatter technique. In this embodiment, the RFID readers
104 A-104C request data from the RFID tags 102A-102D via
an RF signal, and the RF tags 102A-102D respond with the
requested data by modulating and backscattering the RF sig-
nal provided by the RFID readers 104A-104C.

In another embodiment, the RF communication mecha-
nism is an inductance technique whereby the RFID readers
104A-104C magnetically couple to the RFID tags 102A-
102D via an RF signal to access the data on the RFID tags
102A-102D. In either embodiment, the RFID tags 102A-
102D provide the requested data to the RFID readers 104A-
104C on the same RF carrier frequency as the RF signal.

In this manner, the RFID readers 104A-104C collect data
from each of the RFID tags 102A-102D within its coverage
area. The collected data is then conveyed to the application
server 110 via a wired or wireless connection 108 and/or via
possible communication mechanism, for example, a peer-to-
peer communication connection. In addition, and/or in the
alternative, the application server 110 may provide data to
one or more of the RFID tags 102A-102D via the associated
RFID readers 104A-104C. Such downloaded information is
application dependent and may vary greatly. Upon receiving
the downloaded data, the RFID tag can store the data in a
non-volatile memory therein.

Inanother embodiment, the RFID readers 104A-104C may
optionally communicate data on a peer-to-peer basis such that
each RFID reader does not need a separate wired or wireless
connection 108 to the application server 110. For example,
the RFID reader 104A and the RFID reader 104B may com-
municate on a peer-to-peer basis utilizing a back scatter tech-
nique, a WLAN technique, and/or any other wireless com-
munication technique. In this instance, the RFID reader 104B
may not include a wired or wireless connection 108 to the
application server 110. In embodiments in which communi-
cations between the RFID reader 104A-104C and the appli-
cation server 110 are conveyed through the wired or wireless
connection 108, the wired or wireless connection 108 may
utilize any one of a plurality of wired standards (e.g., Ethernet
and fire wire) and/or wireless communication standards (e.g.,
IEEE 802.11x and Bluetooth).

As one of ordinary skill in the art will appreciate, the RFID
system of FIG. 1 may be expanded to include a multitude of
RFID readers 104A-104C distributed throughout a desired
location (for example, a building or office site) where the
RFID tags may be associated with equipment, inventory and/
or personnel. In addition, it should be noted that the applica-
tion server 110 may be coupled to another server and/or
network connection to provide wide area network coverage.

FIG. 2 illustrates an exemplary schematic block diagram of
an RFID or NFC system 200 including a transceiver and a
remote unit. The RFID system 200 includes an RFID trans-
ceiver 202 and a remote unit 214 such as an RFID tag. The
RFID transceiver 202 may include a voltage power source
208, an NFC transceiver control circuit 210 and a transmitter
circuit 206. The NFC transceiver control circuit 210 is pow-
ered by the voltage source 208, and connected to one or more
transceiver loops 204. The transceiver loops 204 are herein-
after interchangeably used with coils or loop antennae. The
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coils and loop antenna may be made of conductive material,
for example, an electromagnetic coil, through which an alter-
nating current (AC) 212 can flow. The transceiver loops 204
may be circular, oval, and the like, although other sizes and
shapes are possible. The AC current 212 flowing through the
transceiver loops 204 can result in transmitting magnetic
energy or magnetic flux 222 at various frequencies (e.g.,
about 100 kHz to about 20 MHz). The wavelength of the
emitted frequencies may be much longer than the size of
loops 204 on the RFID transceiver 202.

The remote unit 214 includes a receiver circuit 216 and a
remote unit control circuit 218. If the remote unit 214 is close
enough to the RFID transceiver 202, the magnetic flux 222
from the transceiver 202 can get AC coupled onto one or more
remote unit loops 220 of conductive material, which can be an
unpowered device (i.e., without a battery or other means of
applying continuous power) having the electromagnetic coil
and remote unit control circuit 218. An oscillating AC current
224 flowing in alternating directions in the remote unit con-
trol circuit 218 can be rectified by a rectifying diode in the
remote unit control circuit 218, which can cause a voltage to
bebuilt up across a bypass capacitor in the remote unit control
circuit 218. Once the bypass capacitor has built up a sufficient
voltage, the remote unit control circuit 218 can become pow-
ered up and operational. By receiving coupled and modulated
AC signal from the RFID transceiver 202, the remote unit 218
canreceive and detect information (e.g., commands) from the
RFID transceiver 202.

Once operational, the remote control circuit 218 may also
send signals back to the RFID transceiver 202 by changing
the impedance seen by the remote unit loops 220. This can be
accomplished by shunting or opening the remote unit loops
220 with, for example, a switch. If the remote unit 214 is close
enough to the RFID transceiver 202, the modulated electro-
magnetic field generated by the remote unit loops 220 in the
remote unit 214 can be coupled back onto the reader loops
204 of the RFID transceiver 202. The signals sent back to the
RFID transceiver 202 can be slow and on the order of 100 bits
of data, and provide information back to the transceiver 202
such as the serial number or model number of the device to
which the remote unit 214 is attached, credit card number,
personal identification information, security codes and pass-
words, and the like.

FIG. 3 illustrates an exemplary diagram of a modified-
Miller code pattern, an NRZ code pattern and a Manchester
code pattern. NRZ and Manchester codes are relatively
straightforward compared to a modified-Miller code. Three
waveform patterns are illustrated in F1G. 3. Waveform pattern
302 represents a modified-Miller code for Type A. Waveform
pattern 304 represents an NRZ code for Type B. Waveform
pattern 306 represents a Manchester code for Type F. Pattern
1 is generally used to represent bit 1. The pattern for bit 0 is
either pattern OA or 0B, depending on the previous bit. If the
previous bit is 1, then pattern OA is used to transmit bit 0;
otherwise, pattern OB is used.

The NFC protocol poses a few unique challenges to wire-
less communication. First, the signal amplitude of NFC may
be severely distorted by an RF subsystem. This is because the
signal dynamic range of NFC may be relatively large at a
receive antenna. As such, a conventional automatic gain con-
trol (AGC) may not perform well for NFC. Second, a Type B
NFC signal may contain a long sequence of high level (or low
level) values, which makes the traditional DC offset cancel-
lation technique impracticable or unworkable.

One embodiment extracts signal amplitude in the RF sub-
system and feeds it to an analog-to-digital converter (ADC),
followed by the acquisition block and decoder block operat-
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6

ing on multi-bit ADC output samples. The decoder block
could be implemented by applying a plurality of matched
filters (e.g., two matched filters, one for Pattern O and the
other for Pattern 1, when decoding Manchester-coded signal)
to ADC output after removing direct current (DC) compo-
nents. Another embodiment performs slicing in the RF sub-
system and runs the acquisition block and decoder block on a
single-bit slicer output. The decoder block could be imple-
mented using binary matched filtering (meaning input and
filter coefficients are binary symbols).

FIG. 4 illustrates an exemplary receiver structure of an
NFC system according to one embodiment. In one embodi-
ment, the receiver 450 includes a receiver interface 550, a
quantizer 440 and a decoder 430. At least one of the receiver
interface 550, the quantizer 440 and the decoder 430 can be
realized as software (e.g., modules) or hardware (e.g., cir-
cuit). The receiver interface 550 receives a signal from a
transmitter (not shown) and outputs an input sequence of
M-bit samples. The receiver interface 550 may include at
least one of the multiple elements (418-424) as shown in FIG.
5.

The quantizer 440 converts the input sequence of M-bit
samples into an output sequence of N-bit samples. The quan-
tizer 440 may remove a time-varying DC component from the
input sequence. The quantizer 440 may be realized as an
adaptive slicer 426 shown in FIG. 5. In one embodiment, M
and N are positive integer numbers, and M is greater than N.
For example, M may be 3 or greater, and N may be 2 or 1. The
decoder 430 decodes the output sequence. In some embodi-
ments, the decoder 430 includes a line-code decoder. The
line-code decoder may be, for example, at least one of the
followings: a modified-Miller code decoder, an NRZ code
decoder and a Manchester code decoder.

FIG. 5 illustrates an exemplary detailed structure of an
NFC system 400 according to one embodiment. In one imple-
mentation, the NFC system 400 includes a transmitter 402
and a receiver 406. Between the transmitter 402 and the
receiver 406, there is a channel 404. On the transmitter side,
an information source 408 generates information bits (0, 1)
and sends the information bits to a line coder 410. The line
coder 410 may code the information bits and generate corre-
sponding coded bits using an encoding mechanism, such as
anNRZ coding mechanism, a Manchester coding mechanism
and a modified-Miller coding mechanism. The coded bits are
then sent into a pulse shaping filter (PSF) 412. The PSF 412
generates a signal pulse or symbol for one or multiple coded
bits. The modulator 414 modulates the signal symbols gen-
erated by the PSF 412. The transmit antenna 416 transmits the
modulated signal symbols to the receiver 406 through the
channel 404. The transmit antenna 416 may include a coil.

In one implementation, the receiver 406 includes a receive
antenna 418, an envelope detector 420, a low pass filter (LPF)
422, an ADC 424, the adaptive slicer 426, an acquisition
module 428, the decoder 430 and an information bit sink 432.
Depending on the embodiment, certain elements/blocks may
be removed from or additional elements/blocks may be added
to the system 400 illustrated in FIG. 5. Furthermore, two or
more elements/blocks may be combined into a single ele-
ment/block, or a single element/block may be realized as
multiple elements/blocks. For example, the antenna 418, the
envelope detector 420, the LPF 422 and ADC 424 can be
realized as a single element such as the receiver interface 550.
Furthermore, at least one of the adaptive slicer 426 and the
acquisition module 428 may be incorporated into the decoder
430.

The receive antenna 418 receives the modulated symbols
sent by the transmitter 402 through the channel 404. The
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receive antenna 418 may include a coil. In one implementa-
tion, the envelope detector 420 is located in a front portion of
the receiver 406 signal processing process flow. The envelope
detector 420 may carry out demodulation of the modulated
symbols received by the receiver antenna 418 and generate
demodulated symbols. The demodulated symbols are sent
into the LPF 422. The LPF 422 may reduce carrier signal
ripples and high frequency noise from the demodulated sym-
bols. The carrier signal ripples may be made by a carrier
which carries the modulated symbols and may cause bit
errors on the decoder 430. The demodulated symbols filtered
by the LPF 422 are sent into the ADC 424.

In one implementation, the ADC 424 is a multi-bit ADC
and generates multi-bit output samples. In another implemen-
tation, the ADC 424 is a 1-bit ADC and generates 1-bit output
per sample. The output samples generated by the ADC 424
are sent into the adaptive slicer 426. In one implementation,
the adaptive slicer includes a digital multiplexer. The adaptive
slicer 426 generates a bit stream. The adaptive slicer 426 may
convert the input sequence of M-bit samples into the output
sequence of N-bit samples and remove a time-varying DC
component from the input sequence (M and N are positive
integer numbers). In one embodiment, the adaptive slicer 426
may convert an input sequence of at least 3-bit samples into an
output sequence of 1-bit samples. In this embodiment, the
adaptive slicer 426 maps the output sequence of multi-bit
samples into binary symbols. In another embodiment, the
adaptive slicer 426 may convert an input sequence of at least
3-bit samples into an output sequence of 2-bit samples.

The bit stream from the adaptive slicer 426 is sent into the
acquisition block 428 and the decoder 430. The acquisition
block 428 acquires packets and symbol timing (i.e., bit
boundary information) from the bit stream. The bit boundary
may be located between neighboring quarters of a bit stream
(e.g., the last quarter of an information bit and the first quarter
of the subsequent information bit) for the modified Miller
code, and between neighboring halves of a bit stream for the
Manchester code. The bit boundary may also be located
between neighboring quarters of the same raw bit. In some
embodiments, bit samples are skipped at signal transition
points, e.g., the boundary of the quarters for the modified
Miller code as shown in FIG. 8. In one implementation, the
symbol timing is a series of boundaries. The decoder 430
decodes information bits from the output from the adaptive
slicer 426 and sends the decoded information bits to the sink
432. Since the acquisition block 428 and the decoder block
430 operate on binary symbols or symbols whose bit-width is
at most two, they can be implemented with low hardware
complexity, compared with the blocks operating on multi-bit
ADC outputs (e.g., a 3-bit ADC or higher resolution ADCs).

FIG. 6 illustrates examples of signal waveforms that are
being processed inside the NFC receiver 406 of FIG. 5. The
signal waveforms include a received passband signal wave
502, an envelope detector output signal waveform 504, and an
adaptive slicer output signal waveform 506. The signal wave-
form 502 may indicate the received modulated symbols
received and outputted by the receive antenna 418. As shown
in FIG. 6, the signal waveform 502 includes at least two
symbols: the high amplitude symbol 508 and low amplitude
symbol 510. The signal waveform 504 is the corresponding
output from the envelope detector 420 as shown in FIG. 5. The
signal waveform 504 includes at least two demodulated sym-
bols 512 and 514 corresponding to the symbols 508 and 510,
respectively. The signal waveform 506 denotes the corre-
sponding output from the adaptive slicer 426. The signal
waveform 506 includes at least two symbols (or bits) 516 and
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518 corresponding to the symbols 512 and 514, respectively.
The signal waveform 506 is sent to both the acquisition mod-
ule 428 and the decoder 430.

In one implementation, the decoder 430 may be more
easily implemented, if an unknown and time-varying DC
component in the input signals has been removed by the
adaptive slicer 426, and an input sample is a binary symbol. In
Equation 1 below, x[k], k=0, 1, . . ., Nz-1, denotes slicer
output samples for one bit duration. a[k| and b[k] denote two
ideal slicer output sequences corresponding to bit 0 and bit 1,
respectively. These two output sequences may be line coder
output sequences generated from the line coder 410. p[k]
represents the probability of error at an index k. Then, the log
likelihood ratio (LLLLR) can be written as

1
[ Je-r]] pw @
keB keB’

o P({X[k]}lbitl)]_
POk} [ bit 0))

(1=

keA

plkD) 1 plk]

keA’

where A={kix[k]=a[k]}, A'={kix[k]=a[k]}, B={kix[k]=
b[k]} and B'={kix[k]=b[k]}. The above Equation 1 yields
three observations. The first observation is that any slicer
output sample x[k| for which a[k]=b[K] is irrelevant from a
LLR point of view. The second observation is if p[k] is close
to 50%, the corresponding x[k] does not affect LL.R. The third
observation is, assuming p[k] is a constant p<0.5 for all k,
LLR reduces to

P({x[k]} | bit 1 2

toe T o)) = 081~ ADiog(l = ) + (81~ 4 Diogp)
which is simplified as:

@

18- |A|>1og(1 X )

Here |Al and IB| denote the number of entries in the set A and
set B, respectively. Equations 2 and 3 illustrate that an optimal
decoding rule given binary input samples is to declare bit 1 if
IBI >|Al, or equivalently, if a number of slicer output samples
that match the ideal bit 1 sequence exceeds another number of
slicer output samples that match the ideal bit 0 sequence.
Equation 2 and 3 also show that segments where bit 0 and bit
1 have the same line-code output can be ignored in decoding.

One embodiment considers a case where p[k] is not a
constant because in reality p[k] is not a constant. From this
point on, the sample indices {kla[k]=b[k]} are also ignored,
which makes A and B disjoint sets, and A=B'and A'=B. Then,
Equation 1 reduces to

)

M-

P({x[k]} | bit 1) plk
lo g(P({xk 1} | bit 0)] ,U‘ 1-p ] B

-2 S ]Zg( )

keB
Equation 4 shows that a weighted sum is a decision statistics
for a maximum-likelihood decoder.
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However, in order to reduce hardware complexity, one
embodiment ignores real valued weighting factors, denoted
by log terms as shown in Equation 4. Instead, the above
embodiment uses only O and 1 as a quantized weighting factor
in a decoder design as shown in Equation 5 below.

el simes) 2 el i -2 eled T

keB keA

where x[k], k=0, 1, . . ., Nz-1, denotes the slicer output
sequence, p|k]| represents the probability of error at an index
k, A={kix[k]=a[k]}, B={kIx[k]=b[Kk]}, a[k] and b[k] denote
two ideal slicer output sequences corresponding to bit 0 and
bit 1, respectively, and Q [ Y] means a quantized value (O or 1)
of Y. Equation 5 is much simpler than Equation 4 above,
because Q[Y] is 0 or 1. Thus, Equation 5 can substantially
simplify the hardware design of the decoder 430. Equation 5
also provides a decent level of decoding accuracy, since simu-
lations show that performance loss due to this simplification
is insignificant.

Next, type-specific decoding processes based on these
observations are described below. FIG. 7 illustrates a block
diagram of a modified-Miller code decoder according to one
embodiment. In FIG. 7, certain elements/blocks may be
removed from or additional elements/blocks may be added to
the decoder 600 illustrated in FIG. 7. Furthermore, two or
more elements/blocks may be combined into a single ele-
ment/block, or a single element/block may be realized as
multiple elements/blocks. This applies to the embodiments of
FIGS. 9-13.

For a modified-Miller code, a decoding rule generally
depends on a previous decoded bit. For example, if the pre-
vious decoded bit is 1, then it decides between pattern 1 and
OA. Further, the modified-Miller code decoder may count the
number of 1’s in a third quarter and compare the count against
half the number of samples per a quarter of a bit duration. If
the previous decoded bit is 0, then it decides between pattern
1 and OB. The modified-Miller code decoder may compare
the number of 1°s in the first quarter and the number in the
third quarter.

The adaptive slicer 426 of FIG. 5 may output a first group
of samples at the beginning and at the end of each quarter
period, and a second group of samples in the middle of each
quarter period. The first group of samples may be more erro-
neous than the second group of samples. In some embodi-
ments, the first group of samples are skipped, whose number
of samples are denoted by N, in FIGS. 7 and 8, during
decoding.

The modified-Miller code decoder 600 may include a delay
line 604 and first and second sum blocks 612 and 614, first and
second comparators 616 and 618, a decision block 606, an
output interface 608 and a delay block 610. In one embodi-
ment, an input stream 602 to a modified-Miller decoder 600 is
binary (i.e., single bit). In another embodiment, an input
steam is a two-bit sequence. For the purpose of convenience,
the description will be made mainly based on a single bit
sequence input to the decoder 600. This applies to the remain-
ing embodiments. The input stream 602 goes down through
the delay line 604.

FIG. 8 illustrates an exemplary data format of an input data
sequence where some samples are selected and the remaining
samples are skipped. In FIGS. 7 and 8, N5 represents the
number of decoder input samples in one raw bit. For example,
denoting the number of decoder input samples per informa-
tion bit by Nz, Nz;=4N_; for the modified Miller code,
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Nz=N_; forthe NRZ code, and Nz=2N . for the Manchester
code. In one embodiment, as shown in FIG. 8, one informa-
tion bit includes four quarters (1Q-4Q) for the modified
Miller code. FIGS. 7 and 8 show five groups of decoder input
samples, which are listed starting from the bottom of the
delay line 604 as follows: N, ,, Neg=2N4,,, Nep+2Ny,
Nep—2N,;,, and N z+N_,, . In some embodiments, out of the
five groups, only the second and fourth groups (N5~2N,,)
are used in decoding and the other three are skipped and not
used in decoding. In this embodiment, the samples (Nz) of
each of the second quarter (2Q) and the fourth quarter (4Q)
are skipped (not used in decoding). In addition, the beginning
and end portions (N,,,) of each of the first and third quarters
(1Q, 3Q) are skipped. Consequently, the middle portions
(N¢s=2N,,) of each of the first and third quarters are
selected and used in decoding.

In one embodiment, each quarter has eight samples. In this
embodiment, the number of N;,, may be 1, 2 or 3. For
example, if the number of N, is 3, the number of samples
(N¢5—2N;,,) that are selected and decoded is 2 in each of the
first and third quarters (1Q, 3Q).

Each of the sum blocks 612 and 614 sums the number of
samples as described above. The first comparator 616 com-
pares the output of the first sum block 612 and a reference
value, and outputs one (1) if the former is smaller than or
equal to (or greater than, depending on the embodiment) the
latter (the reference value) and zero (0) otherwise. The refer-
ence value may be (N5~2N;, )/2. If the number of N, is 3
and the number of Nz is 8, the reference value is 1. The
second comparator 618 compares the output of the first sum
block 612 and the output of the second sum block 614, and
outputs one (1) if the former is smaller than or equal to (or
greater than, depending on the embodiment) the latter (the
output of the second sum block 614) and zero (0) otherwise.
The decision block 606 selects one of the two inputs based on
a selection signal such as the previous decoded bit output
from the delay block 610. The decision block 606 may
include a multiplexer.

The output interface 608 provides the decoded bit to the
delay block 610 while outputting the decoded bit. The output
interface 608 may include a switch. The switch may be closed
while decoding, and opened while bit samples are filling the
delay line 604. When the switch 620 is closed, the decoded bit
is output. The switch 620 may be repeatedly closed and
opened every T, second. T, may be, for example, about 9.4
micro seconds if data rate is about 106 kbps.

FIG. 9 illustrates a block diagram of a modified-Miller
code decoder according to another embodiment. The modi-
fied-Miller decoder 700 may be more hardware-efficient than
the modified-Miller decoder 600 of FIG. 7, since the decoder
700 does not include a delay line. In this embodiment, the
decoder 700 decodes bit samples as they arrive. In one
embodiment, the decoder 700 includes a first multiplexer 702,
an accumulate-and-dump block 704, a delay block 708, com-
parators 706 and 710, a second multiplexer 712 and a sample-
and-hold block 714. The decoder 700 may also include a
modulo-N . counter 718, comparators 720 and 728, an adder
726 and a logic gate 730.

The first multiplexer 702 receives two inputs (0 and
decoder input sample sequence) and outputs one of the two
based on a selection signal received from the logic gate 730.
If'the selection signal is zero, then the multiplexer 702 outputs
zero (0) and the decoder input sample is ignored (i.e.,
skipped). The accumulate-and-dump block 704 may accumu-
late and dump the output of the multiplexer 702. For example,
the accumulate-and-dump block 704 may output one sample
every quarter of a bit duration. The output of the accumulate-
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and-dump block 704 is provided to the inputs (X,) of the
comparators 706 and 710. The comparator 706 receives the
output of the accumulate-and-dump block 704 and a thresh-
old value (e.g., (N-5—2N,;,)/2) and may output a binary
symbol indicating which one of the two input signals is
smaller. The delay block 708 delays the output of the accu-
mulate-and-dump block 704. The comparator 710 receives
the output of the accumulate-and-dump block 704 and the
output of the delay block 708, and may output a binary sym-
bol indicating which one of the two input signals is smaller.
The second multiplexer 712 receives the outputs of the com-
parators 706 and 710 and outputs one of the two inputs based
on a selection signal received from the sample-and-hold
block 714. The sample-and-hold block 714 may latch the
output of the second multiplexer 712 at the end of the third
quarter of a bit duration, and output a decoded bit.

The modulo-N_; counter 718 counts the number of
decoder input samples received during each quarter of a bit
duration. In one embodiment, the count is incremented each
time an input sample arrives and at the beginning of each
quarter of a bit duration, the count is reset to zero (0).

The comparator 720 may receive the outputs of the
modulo-N; counter 718 and N, .. (see FIG. 8) and out-
puta binary symbol, one (1) if the sample count is no less than
(or no greater than, depending on embodiment) N, . and
zero (0) otherwise. The adder 726 may add the outputs of the
modulo-N 4 counter 718 and N, ,,,..,- The comparator 728
may receive the output of the adder 726 and N5, and output
a binary symbol, one (1) if the sample count is less than (or
greater than, depending on embodiment) N, and zero (0)
otherwise. The logic gate 730 receives the outputs of the
comparators 720 and 728 and performs a logic operation on
the received inputs. The logic gate 730 may be an AND gate.
The output of the logic gate 730 is used as the selection signal
for the first multiplexer 702, indicating whether an input
sample needs to be used in decoding or skipped.

FIG. 10 illustrates a block diagram of an NRZ code
decoder 800 according to one embodiment. In some embodi-
ments, the slicer output sequence for bit 0 is all zeros, while
that for bit 1 is all ones. In these embodiments, the NRZ
decoder 800 counts the number of 1’s in the samples after
discarding the initial N, and the last N;,, samples. If the
number exceeds (Nz—2N,,,,)/2, then declare 1; otherwise,
declare 0.

The NRZ decoder 800 includes a delay line 804, a sum
block 810, a decision block 806 and an output interface 808.
The input bit stream 802 goes down through the delay line
804. The bit samples of the delay line 804 may include three
groups: Nz, Nz=2N_,,and N, delay elements as shown
in FIG. 10. The sum block 810 sums the selected samples. The
decision block 806 receives the output of the sum block 810
and (Nz-2N,;,,)/2 and outputs a binary symbol indicating
which one of the two inputs is greater. The decision block 806
may include a comparator that compares the two inputs and
outputs one (1) if the former (the output of the sum block 810)
is smaller than or equal to (or greater than, depending on the
embodiment) the latter ((Nz-2N,,;,)/2) and zero (0) other-
wise. The output interface 808 may periodically output a
decoded bit by, for example, using a switch as described
above in connection with FIG. 7.

FIG. 11 illustrates a block diagram of an NRZ code
decoder 900 according to another embodiment. The NRZ
code decoder 900 may be more hardware-efficient than the
NRZ code decoder 800 of FIG. 10, since the decoder 900 does
not include a delay line. In one embodiment, the decoder 900
includes a multiplexer 902, an accumulate-and-dump block
904 and a decision block 906. The decoder 900 may also
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include a modulo-Ng counter 910, comparators 912 and 920,
an adder 918, and a logic gate 922.

The multiplexer 902 receives two inputs (0 and decoder
input sample sequence) and outputs one of the two based on
a selection signal received from the logic gate 922. The accu-
mulate-and-dump block 904 may accumulate and dump the
output of the multiplexer 902. The accumulate-and-dump
block 904 may output one sample at the end of each bit
duration. The decision block 906 may include a comparator
that receives the output of the accumulate-and-dump block
904 and a threshold value and may output, as a decoded bit,
one (1) if the former (the output of the accumulate-and-dump
block 904) is smaller than or equal to (or greater than, depend-
ing on the embodiment) the latter (threshold value) and zero
(0) otherwise. The operations of the elements 910-922 are
substantially the same as those of the elements 718-730 of
FIG. 9, and thus the description thereof will be omitted.

FIG. 12 illustrates a block diagram of a Manchester code
decoder 1000 according to one embodiment. In some
embodiments, depending on a channel and circuit character-
istics, the Manchester code decoder 1000 may declare bit 1 if
the number of 1’s during the first half of a bit duration exceeds
the number of 1’s during the second half.

The Manchester decoder 1000 may include a delay line
1004, first and second sum blocks 1010 and 1012, a decision
block 1006 and an output interface 1008. The input bit stream
1002 goes down through the delay line 1004. The bit samples
of the delay line 1004 may include five groups: N;, , Nz~
2N s 2N iy Nep=2N g, and N, , delay elements as shown
in FIG. 12. The Manchester decoder 1000 may select the
middle portion of the first half and the middle portion of the
second half of an input bit stream. The first sum block 1010
sums the first half of the selected samples. The second sum
block 1012 sums the second half of the selected samples. The
decision block 1006 receives the outputs of the first and
second sum blocks 1010 and 1012, and outputs a binary
symbol indicating which one of the two inputs is greater. For
example, the decision block 1006 outputs one (1) if the output
of the first sum block 1010 is smaller than or equal to (or
greater than, depending on the embodiment) the output of the
second sum block 1012 and zero (0) otherwise. The output
interface 1008 may periodically output a decoded bit by, for
example, using a switch as described above in connection
with FIG. 7.

FIG. 13 illustrates a block diagram of a Manchester code
decoder 1100 according to another embodiment. The
Manchester code decoder 1100 may be more hardware-effi-
cient than the Manchester code decoder 1000 of FIG. 12,
since the decoder 1100 does not include a delay line. In one
embodiment, the decoder 1100 includes a multiplexer 1102,
an accumulate-and-dump block 1104, a delay block 1106, a
comparator 1108 and a sample-and-hold block 1110. The
decoder 1100 may also include a modulo-Nz counter 1114,
comparators 1122 and 1124, an adder 1120 and a logic gate
1126.

The multiplexer 1102 receives two inputs (0 and decoder
input sample sequence) and outputs one of the two based on
a selection signal received from the logic gate 1126. The
accumulate-and-dump block 1104 may accumulate and
dump the output of the multiplexer 1102. The accumulate-
and-dump block 1104 may output one sample at the end of
each half of a bit duration. The comparator 1108 receives the
output of the accumulate-and-dump block 1104 and the out-
put of the delay block 1106 and may output a binary symbol
indicating which one of the two inputs is greater. For
example, the comparator 1108 outputs one (1) if the output of
the accumulate-and-dump block 1104 is smaller than or equal
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to (or greater than, depending on the embodiment) the output
of'the delay block 1106 and zero (0) otherwise. The sampling
block 1110 may latch the output of the comparator 1108 at the
end of a bit duration and output a decoded bit. The operations
of'the elements 1114-1126 are substantially the same as those
of the elements 718-730 of FIG. 9, and thus the description
thereof will be omitted.

FIG. 14 illustrates a flowchart showing an exemplary
operation of the NFC receiver 450 of FIG. 4. Depending on
the embodiment, additional states may be added, others
removed, or the order of the states may change in FIG. 14. In
state 1410, an NFC receiver 450 receives a signal from an
NFC transmitter and outputs an input sequence of M-bit
samples. In state 1420, the NFC receiver converts the input
sequence of M-bit samples into an output sequence of N-bit
samples. As discussed above, M and N are positive integer
numbers, and M is greater than N. For example, M may be 3
or greater, and N may be 2 or 1. In state 1430, the NFC
receiver 450 decodes the output sequence of N-bit samples.

FIG. 15 illustrates an exemplary structure of an NFC
receiver 1500 according to another embodiment. Depending
on the embodiment, certain means may be removed from or
additional means may be added to the receiver 1500. Further-
more, two or more means may be combined into a single
means, or a single means may be realized as multiple means.
The receiver 1500 includes means for receiving and output-
ting 1510, means for converting 1520 and means for decoding
1530. The receiving and outputting means 1510 receives a
signal from a transmitter and outputs an input sequence of
M-bit samples. The converting means 1520 converts the input
sequence of M-bit samples into an output sequence of N-bit
samples. As discussed above, M and N are positive integer
numbers, and M is greater than N. The decoding means 1530
decodes the output sequence of N-bit samples.

At least one of the disclosed embodiments reduces hard-
ware complexity of the acquisition and decoder blocks by
applying an adaptive slicer before these blocks are run. Com-
pared with the receiver architecture that performs slicing in
the RF subsystem, at least one embodiment can achieve better
acquisition and error performance because the adaptive slicer
in the digital modem can use more sophisticated algorithms to
handle signal distortions and noise. Furthermore, decoders
according to at least one of the disclosed embodiments may
achieve a biterror rate (BER) close to the theoretical limit, but
their hardware complexities are very low because the input to
the decoder is binary symbols or at most a 2-bit sequence.

The various operations of methods described above may be
performed by any suitable means capable of performing the
operations, such as various hardware and/or software com-
ponent(s), circuits, and/or module(s). Generally, any opera-
tions illustrated in the Figures may be performed by corre-
sponding functional means capable of performing the
operations.

Information and signals may be represented using any of a
variety of different technologies and techniques. For
example, data, instructions, commands, information, signals,
bits, symbols, and chips that may be referenced throughout
the above description may be represented by voltages, cur-
rents, electromagnetic waves, magnetic fields or particles,
optical fields or particles, or any combination thereof.

The various illustrative logical blocks, modules, circuits,
and algorithm steps described in connection with the imple-
mentations disclosed herein may be implemented as elec-
tronic hardware, computer software, or combinations of both.
To clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, modules,
circuits, and steps have been described above generally in
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terms of their functionality. Whether such functionality is
implemented as hardware or software depends upon the par-
ticular application and design constraints imposed on the
overall system. The described functionality may be imple-
mented in varying ways for each particular application, but
such implementation decisions should not be interpreted as
causing a departure from the scope of the implementations of
the application.

The various illustrative blocks, modules, and circuits
described in connection with the implementations disclosed
herein may be implemented or performed with a general
purpose processor, a Digital Signal Processor (DSP), an
Application Specific Integrated Circuit (ASIC), a Field Pro-
grammable Gate Array (FPGA) or other programmable logic
device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform
the functions described herein. A general purpose processor
may be a microprocessor, but in the alternative, the processor
may be any conventional processor, controller, microcontrol-
ler, or state machine. A processor may also be implemented as
a combination of computing devices, e.g., a combination of a
DSP and a microprocessor, a plurality of microprocessors,
one or more microprocessors in conjunction with a DSP core,
or any other such configuration.

The steps of a method or algorithm and functions described
in connection with the implementations disclosed herein may
be embodied directly in hardware, in a software module
executed by a processor, or in a combination of the two. If
implemented in software, the functions may be stored on or
transmitted over as one or more instructions or code on a
tangible, non-transitory computer-readable medium. A soft-
ware module may reside in Random Access Memory (RAM),
flash memory, Read Only Memory (ROM), Electrically Pro-
grammable ROM (EPROM)), Electrically Erasable Program-
mable ROM (EEPROM), registers, hard disk, a removable
disk, a CD ROM, or any other form of storage medium known
in the art. A storage medium is coupled to the processor such
that the processor may read information from, and write
information to, the storage medium. In the alternative, the
storage medium may be integral to the processor. Disk and
disc, as used herein, includes compact disc (CD), laser disc,
optical disc, digital versatile disc (DVD), floppy disk and
Blu-Ray disc where disks usually reproduce data magneti-
cally, while discs reproduce data optically with lasers. Com-
binations of the above should also be included within the
scope of computer readable media. The processor and the
storage medium may reside in an ASIC. The ASIC may reside
in a user terminal. In the alternative, the processor and the
storage medium may reside as discrete components in a user
terminal.

For purposes of summarizing the disclosure, certain
aspects, advantages and novel features of the applications
have been described herein. It is to be understood that not
necessarily all such advantages may be achieved in accor-
dance with any particular implementation of the application.
Thus, the application may be embodied or carried out in a
manner that achieves or optimizes one advantage or group of
advantages as taught herein without necessarily achieving
other advantages as may be taught or suggested herein.

Various modifications of the above described implementa-
tions may be readily apparent, and the generic principles
defined herein may be applied to other implementations with-
out departing from the spirit or scope of the application. Thus,
the present application is not intended to be limited to the
implementations shown herein but is to be accorded the wid-
est scope consistent with the principles and novel features
disclosed herein.
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What is claimed is:

1. A receiver apparatus, comprising:

a receiver interface configured to receive a signal from a
transmitter and output an input sequence of M-bit
samples;

aquantizer circuit configured to convert the input sequence
of M-bit samples into an output sequence of N-bit
samples, wherein M and N are positive integer numbers
greater than zero, and wherein M is greater than N;

a first circuit configured to generate bit boundary informa-
tion for the output sequence of N-bit samples; and

adecoder circuit configured to decode the output sequence
of N-bit samples, wherein the decoder circuit comprises:

a second circuit configured to select a group of the output
sequence of N-bit samples based on the bit boundary
information; and

a third circuit configured to decode the selected group of
samples.

2. The apparatus of claim 1, wherein M is 3 or greater, and

wherein N is 1.

3. The apparatus of claim 1, wherein M is 3 or greater, and
wherein N is 2.

4. The apparatus of claim 1, wherein the quantizer circuit is
further configured to remove a time-varying DC direct cur-
rent component from the input sequence of M-bit samples.

5. The apparatus of claim 1, wherein the second circuit
comprises:

a delay line configured to sequentially delay the output
sequence of N-bit samples so as to select the group of
samples; and

a sum block configured to calculate a weighted sum of the
selected group of samples.

6. The apparatus of claim 5, wherein the sum block is

further configured to calculate the weighted sum using the
following equation:
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where x[k], k=0, 1, ...,Nz-1, denotes the output sequence of
N-bit samples, p[k] represents the probability of error at an
index k, A={kIx[k]=a[k]}, B={kix[k]=b[k]}, a[k] and b[k]
denote two ideal quantizer output sequences corresponding to
bit 0 and bit 1, respectively, and Q [Y] means a quantized
value (0 or 1) of Y.

7. The apparatus of claim 1, wherein the second circuit
comprises an accumulator configured to calculate a weighted
accumulation of the selected group of samples.

8. The apparatus of claim 7, wherein the accumulator is
configured to calculate the weighted accumulation using the
following equation:

lo
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where x[k|, k=0, 1, ..., Nz-1, denotes the output sequence
of N-bit samples, p[k] represents the probability of error
at an index k, A={kIx[k]=a[k]}, B={kIx[k]=b[k]}, a[k]
and b[k] denote two ideal quantizer output sequences
corresponding to bit 0 and bit 1, respectively, and Q [Y]
means a quantized value (0 or 1) of Y.

9. The apparatus of claim 1, wherein the decoder circuit

comprises a line-code decoder.
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10. The apparatus of claim 9, wherein the line-code
decoder comprises at least one of the following: a modified-
Miller code decoder, a non-return-to-zero (NRZ) code
decoder and a Manchester code decoder.

11. The apparatus of claim 1, wherein the receiver interface
comprises:

a receiver circuit configured to wirelessly receive a line-
coded analog signal according to a near field communi-
cation (NFC) standard; and

an analog to digital converter configured to convert the
analog signal into the input sequence of M-bit samples.

12. The apparatus of claim 11, wherein the receiver inter-
face further comprises:

an envelope detector configured to demodulate the line-
coded analog signal; and

a low pass filter configured to reduce carrier signal ripples
and high frequency noise from the demodulated signal
and provide the filtered signal to the analog to digital
converter.

13. The apparatus of claim 1, wherein the quantizer circuit
comprises an adaptive slicer configured to convert the input
sequence of M-bit samples into the output sequence of N-bit
samples and remove a time-varying direct current component
from the input sequence.

14. The apparatus of claim 13, wherein M is 3 or greater,
and wherein Nis 2 or 1.

15. A method of processing a signal in a receiver apparatus,
comprising:

receiving a signal from a transmitter and outputting an
input sequence of M-bit samples;

converting the input sequence of M-bit samples into an
output sequence of N-bit samples, wherein M and N are
positive integer numbers greater than zero, and wherein
M is greater than N;

decoding the output sequence of N-bit samples; and

generating bit boundary information for the output
sequence of N-bit samples;

wherein the decoding comprises:

selecting a group of the output sequence of N-bit samples
based on the bit boundary information; and

decoding the selected group of samples.

16. The method of claim 15, wherein M is 3 or greater, and
wherein Nis 1 or cm 2.

17. One or more non-transitory processor-readable storage
devices having processor-readable code embodied on the pro-
cessor-readable storage devices, the processor-readable code
for programming one or more processors to perform a method
of processing a signal in a receiver apparatus, the method
comprising:

receiving a signal from a transmitter and outputting an
input sequence of M-bit samples;

converting the input sequence of M-bit samples into an
output sequence of N-bit samples, wherein M and N are
positive integer numbers greater than zero, and wherein
M is greater than N;

decoding the output sequence of N-bit samples; and

generating bit boundary information for the output
sequence of N-bit samples;

wherein the decoding comprises:

selecting a group of the output sequence of N-bit samples
based on bit boundary information by sequentially
delaying the output sequence of N-bit samples; and

calculating a weighted sum of the selected group of
samples.

18. The storage devices of claim 17, wherein M is 3 or

greater, and wherein N is 1 or 2.
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19. The storage devices of claim 17, wherein the weighted
sum is calculated using the following equation:
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where x[k|, k=0, 1, ..., Nz-1, denotes the output sequence
of N-bit samples, p[k] represents the probability of error
at an index k, A={kIx[k]=a[k]}, B={kIx[k]=b[k]}, a[k]
and b[k] denote two ideal quantizer output sequences
corresponding to bit 0 and bit 1, respectively, and Q [Y]
means a quantized value (0 or 1) of Y.

20. A receiver apparatus, comprising:

means for receiving a signal from a transmitter and output-
ting an input sequence of M-bit samples;

means for converting the input sequence of M-bit samples
into an output sequence of N-bit samples, wherein M
and N are positive integer numbers greater than zero, and
wherein M is greater than N;

means for decoding the output sequence of N-bit samples;
and

means for generating bit boundary information for the
output sequence of N-bit samples;

wherein the means for decoding comprises:

means for selecting a group of the output sequence of N-bit
samples based on bit boundary information by sequen-
tially delaying the output sequence of N-bit samples;
and
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means for calculating a weighted sum of the selected group
of samples.
21. The apparatus of claim 20, wherein the receiving means
comprises a receiver interface.
5 22. The apparatus of claim 20, wherein the converting
means comprises a quantizer circuit.
23. The apparatus of claim 20, wherein the decoding means
comprises a decoder circuit.
24. A processing apparatus, comprising:
a memory; and
aprocessor coupled to the memory, the processor configure
to
receive a signal from a transmitter and output an input
sequence of M-bit samples,
convert the input sequence of M-bit samples into an
output sequence of N-bit samples, wherein M and N
are positive integer numbers greater than zero, and
wherein M is greater than N,
decode the output sequence of N-bit samples; and
generate bit boundary information for the output
sequence of N-bit samples;
wherein the decode comprises:
selecting a group of the output sequence of N-bit samples
based on bit boundary information by sequentially
delaying the output sequence of N-bit samples; and
calculating a weighted sum of the selected group of
samples.
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